The reaction between 2-alkylpyrazino[2,1-b]quinazoline-3,6-diones and aromatic aldehydes in the presence of KO t Bu afforded the corresponding 1-arylmethylene derivatives, preferently as the Z isomers. This diastereoselectivity was the result of thermodynamic control, as shown by ab initio calculations. These aldol reactions proceeded with partial racemization of the C-4 stereocenter, in contrast with the condensations of the related 2-acetylpyrazino[2,1-b]quinazoline-3,6-diones. Catalytic hydrogenation of the 1-arylmethylene derivatives obtained through these condensations afforded cis-1,4-disubstituted pyrazino[2,1-b]quinazoline-3,6-diones, normally with complete diastereoselectivity, but these reactions had compounds from partial reduction of the benzene ring as side products.
Introduction
The quinazolin-4-one family of alkaloids 1 comprises about 150 compounds that have been isolated from fungi, marine organisms and higher plants. Benzo-fused derivatives of this system are also common in nature, the most important ones being pyrazino [2,1-b] quinazoline-3,6-diones. 2 This system is the key structural fragment of a group of fungal metabolites which often exhibit very interesting biological properties. The simplest member of this family of alkaloids is glyantrypine, isolated from Aspergillus clavatus. 3 C 4 -substituted compounds include members of the fumiquinazoline 4 and fiscalin 5 families, some of which have shown cytotoxicity and antifungal activities. More complex systems include N-acetylardeemin, which was isolated from
Aspergillus fischeri 6a and is one of the most potent known inhibitors 7 of multi-drug resistance to antitumour compounds (MDR), which can be considered as the most important single factor that prevents the success of antitumour chemotherapy in many cancer patients. 8 Thus, Nacetylardeemin potentiated the cytotoxicity of vinblastine, doxorubicin or paclitaxel in multidrug resistant human tumor cells, with a 10-fold potency with respect to verapamil, the standard anti-MDR compound. Its synthetic glycine analog and its trifluoro derivative are also potent MDR reversal agents that bind to the two main transport proteins responsible the MDR phenomenon, namely P-gp 170 and MRP. 6b, 9 The study of simplified ardeemin analogues has led to the conclusion that the pyrazino [2,1-b] quinazoline fragment can be considered as its pharmacophoric moiety for MDR reversal activity, which underscores the importance of this tricyclic system. 10 Another interesting property of some members of the ardeemin family is their immunosupressant activity. 
Results and Discussion
Due to the pharmacological interest of pyrazino [2,1-b] quinazolines as MDR modulators, 10a we became interested in 1-arylmethylene derivatives of the parent system 1, which can be considered as seco-analogues of ardeemin. Since MDR reversal activity normally correlates well with lipophilicity, 8 we designed compounds 1 to be N-substituted. Compounds 1 where R 2 = H have been obtained by von Niementowsky or aza Wittig reactions from 6-arylmethylene-2,5-piperazinediones, 12 which were in turn obtained by base-catalyzed condensation of 1,4-diacetyl-2,5-piperazinedione with aromatic aldehydes, a reaction that takes place with anchimeric assistance from the N-acetyl substituent and is accompanied by N-deacetylation. Since regioselective N-alkylation is difficult due to the steric hindrance caused by the arylmethylene substituent and may be hampered by competing deprotonation at C-4, the most direct approach to our target compounds 1 would be one based on the direct aldol condensation of compounds 2 with aromatic aldehydes. These starting materials were known compounds, 12b,13 but we have developed an improved preparation of 2a based on an acylation/aza-Wittig strategy (see Experimental). Furthermore, the availability of 1 would allow the simple preparation of compounds 3 in an alternative approach to the one involving the base-promoted alkylation of 2, 14 which has disadvantages such as lack of diastereoselectivity and the isolation of double alkylation products (Scheme 1). The cis-compounds 3 are interesting in spite of having the opposite relative configuration to ardeemin because it has been shown for another family of simplified analogues of the ardeemin ABCD ring system that compounds with an opposite configuration to the natural product at the alanine stereocenter had improved activity as MDR reversors. The results of the systematic study 15 of the condensation of compounds 2a-c with several aromatic aldehydes derived from benzaldehyde and indole-3-carbaldehyde in the presence of a slight excess of potassium tert-butoxide (KO t Bu) are shown in Scheme 2 and Table 1 . The assignment of the Z configuration to the major products was based on the chemical shift of the vinylic proton, which was observed at ca. 7.40 ppm due to a deshielding effect caused by the neighbouring C=N group, while for the E isomers this signal was observed at about 6.70 ppm. This assignment was confirmed by NOE effects in representative compounds. Some of the condensation reactions afforded significant amounts of side products. In the case of the reaction between 2a and 4-nitrobenzaldehyde, we isolated the 1-oxo derivative of the starting material (compound 4). As shown in Scheme 3, the formation of 4 is probably due to the fact that the C-1 position of 2a allows the generation of a radical stabilized by captodative effect 16 (intermediate 6), which can then react with a molecule of oxygen 17 to give 7. Attack of this radical to a fresh molecule of 2a regenerates 6, closing the propagation cycle, and affords hydroperoxide 8. Finally, loss of a molecule of water from 8 explains the formation of the observed product 4. The fact that this side reaction was only observed in the reaction with 4-nitrobenzaldehyde may be related to the ability of nitro groups to act as intermediates in oneelectron transfer reactions. 18 This observation leads us to favour the explanation summarized in Scheme 3 over an alternative one based on the reaction of an anion at C-1 followed by reaction
Scheme 4
In order to increase the synthetic scope of our reaction, we decided to study the related process starting from N-acetyl derivatives of the starting material. This transformation is related to the analogous reaction between N-acetyl-2,5-piperazinediones and aldehydes, which is well precedented in the literature and is known to be accompanied by N-deacetylation and to lead exclusively to products with Z configuration. As starting material, we selected compound 2d, which is available through a method developed during our studies on the total synthesis of glyantripine.
3b According to the literature precedent on the simpler piperazinedione systems, treatment of 2d with 4-chlorobenzaldehyde in the presence of KO t Bu at room temperature afforded an excellent yield of the deacetylated condensation product 1k, which was isolated exclusively as the Z isomer. The mechanism proposed for this transformation is summarized in Scheme 5, and is based on the one commonly accepted for the related reaction of N-acetyl-2,5-piperazinediones.
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Scheme 5
Reactions involving the use of a strong base can potentially affect the stereocenter adjacent to the carbonyl. When compounds 1a-j were examined using either 1 H-NMR in the presence of (+)-europium tris[3-(trifluoromethylhydroxymethylene)]camphorate (Eu(hfc) 3 ) or by HPLC using a cellulose carbamate chiral column, enantiomeric ratios were normally poor (Table 2) , although this will not probably constitute a problem in terms of bioactivity, since MDR inhibition is not normally stereospecific. 8 Replacement of KO t Bu by cesium carbonate, a much weaker base, did not improve this result, as verified for the case of compound 1a. Comparison of the results summarized in Tables 1 and 2 suggests a correlation between Z:E and enantiomeric ratios, since reactions with better Z selectivity are also more enantioselective (compare entries 5 and 7 of both Tables with the other results). On the other hand, the N-unsubstituted compound 1k was obtained as a single enantiomer as in the case of aldol condensations starting from (S)-1,4-diacetyl-3-methyl-2,5-piperazinedione, using KO t Bu as a base, in which the stereocenter maintains its integrity within the limits of detection of 1 H-NMR in the presence of a chiral shift reagent. 12a 21, This behaviour may be explained by considering that an aldol reaction at the position adjacent to a N-acetyl susbtituent is accompanied by its deacetylation, which liberates an ionizable NH group at the end of the process that hampers a second deprotonation at the stereocenter. In the case of compound 1k, the absence of racemization is probably due to the existence of a free NH group that makes more probable the formation of a conjugated anion 10 rather than 11, which is the one required for the inversion of the stereocenter (Scheme 6). In order to allow a meaningful comparison between piperazinediones and compounds 1a-j, we studied the aldol condensation of a N-substituted-2,5-piperazinedione, and to this end we prepared compound 13 by acetylation of the known 22 cyclo-(sarcosine-L-alanine) 12. Treatment of 13 with 4-chlorobenzaldehyde under our usual conditions afforded a mixture of the Z and E condensation products 14 in low yields because of base-promoted deacetylation of the starting material. In contrast with our previous observations on compounds 1a-j, the major product from this mixture was found to contain a single enantiomer by 1 H-NMR in the presence of Eu(hfc) 3 .
This difference in behavior can be attributed to fact that in the case of 14 the acidic proton responsible for the racemization is more hindered due to the conformational freedom of the neighbouring N-acetyl substituent, whereas in the rigid compounds 1 this proton is more accessible (Scheme 7).
Scheme 7
The Z-selectivity of the aldol reactions was attributed to thermodynamic control, since the Z isomers were found to be more stable according to ab initio calculations at the HF 6-31G level. The results obtained are collected in Table 3 , which shows that the differences in stability between the Z and E isomers correlate well with the experimental diastereomeric ratios. Thus, in the case of 1a, for which the experimental d.r. was ca. 3:1, the Z isomer was more stable than the E in 2.88 kcal.mol -1 (entry 1). This difference was only 0.92 kcal.mol -1 in case of the Nphenethyl derivative 1c (entry 2), where the Z and E isomers were isolated in equimolecular amounts, probably due to an increased repulsion between the bulkier N-substituent and the arylmethylene side chain. The calculated differences in stability were much higher (ca. 6 kcal.mol -1 ) for the N-unsubstituted compounds 1k and 14, for which the E isomer was not observed (entries 3 and 4). As shown in Figure 2 for the ab initio-minimized structures, the lower stability of the E isomers can be attributed to repulsive interactions between the C-1 and C-4 substituents. In the case of compound (E)-1b, having an R configuration at C-4, this interaction cannot take place. In this case, the conformation of the piperazine ring changes to the other possible boat structure in order to avoid the repulsive interaction between the C 4 -methyl and C 6 =O groups, and this brings the arylmethylene unit close to the tricyclic system, explaining the lower stability of this compound compared with its (Z) isomer. 
Figure 2
With compounds 1 in hand, we studied their catalytic hydrogenation, which afforded the cis 1,4-disubstituted compounds 3 in a fully diastereoselective fashion. Since the (Z) and (E) isomers of compound 1a, not unexpectedly, gave very similar results, we subsequently limited our study to the major Z isomers (Scheme 8, Table 4 ). In spite of the mild conditions employed, compounds 3 were accompanied by varying amounts of side products 15, arising from the reduction of two bonds of the benzene ring, which were the sole products when prolonged reaction times were used (see the reduction of 1j). This behavior may be explained by assuming that the strong conjugation between the amidine and carbonyl groups through the intermediate double bond diminishes the aromaticity of the benzene ring, allowing its partial reduction. Interestingly, the diastereoselectivity of the reaction was lost when the N-unsubstituted substrate 1k was employed, as shown in Scheme 9. This observation is in sharp contrast with the results described in the literature for similar hydrogenations of arylmethylene-2,5-piperazinediones, which give cis products exclusively. To discard any operator-or equipmentassociated bias, we carried out the catalytic hydrogenation of the known compound 17 12a and found that, as expected, it afforded exclusively the cis-disubstituted compound 18.
The loss of diastereoselectivity in the catalytic hydrogenation of 1k in comparison with that of 17 can be explained by assuming that both the α and β faces of the additional aromatic ring interact with the palladium catalyst, partially compensating for the steric hindrance due to the C 4 -alkyl substituent. As shown in Figure 3 , in the case of N-substituted compounds 1a-j, steric compression between the arylmethylene and N-alkyl groups causes a deviation of these substituents from planarity (see also Figure 2 ), contributing to the blockade of the β face and overriding the effect of the bonding interaction due to the aromatic ring. 
Conclusions
The direct aldol condensation of pyrazino [2,1-b] quinazoline-3,6-diones, followed or not by catalytic hydrogenation of the exocyclic double bond, provides a very concise route to secoardeemin analogues. These reactions show some significant differences with the ones starting from piperazinedione derivatives, particularly in terms of diastereoselectivity and potential for racemization of carbonyl-adjacent stereocenters. In some cases, the catalytic hydrogenation of 1-arylmethylenepyrazino[2,1-b]quinazoline-2,6-diones was accompanied by the unexpected reduction of two double bonds of the benzene ring.
Experimental Section
General. All reagents (Panreac, Probus, Scharlau, Merck, Fluka, Aldrich) and solvents (SDS) were of commercial quality and were used as received. 13 C-NMR (CDCl 3 ) δ 167.5 (C-2), 167.3 (C-5), 165.9 (CO α ), 136.5 (C-1'), 136.5 (C-2'), 131.7 (C-4'), 128.1 (C-6'), 125.0 (C-5'), 118.1 (C-3'), 56.5 (C-6), 53.8 (C-3), 33.6 (NCH 3 ), 18 .5 (C 3 -CH 3 ). Anal. Calc. for C 13 (4S,1Z)-and (4S,1E)-1-(3,4-Dichlorobenzylidene)-2,4-dihydro-2,4-dimethyl-1H-pyrazino[2,1-b]quinazoline-3,6-dione, (Z)-1f and (E)-1f. Obtained as described for 1a, from compound 2a (0.10 g, 0.411 mmol), 3,4-dichlorobenzaldehyde (0.108 g, 0.616 mmol), dry DMF (1 mL 
General procedure for the catalytic hydrogenation of compounds (1)
A suspension of the suitable compound 1 and 10% Pd-C in EtOH was hydrogenated at 40 psi for 6 h. After filtering off the Pd-C through a layer of celite, the solvent was evaporated and the residue was purified by fast chromatography on silica gel, eluting with a 1:6 ethyl acetatepetroleum ether mixture. 
